It is well known that dust conditions in a coalmine vary from place to place and from time to time. Watson (1949) pointed out that even at one position on a long-wall face the concentration fluctuates wildly from minute to minute and varies even more from day to day, while the two halves of a double-unit face might differ considerably. Bedford and Warner (1943) , when considering the concentration of dust in different mining operations, also noted that there was great variation in the individual dust counts and in addition large variations from mine to mine, so much so that it was not practicable to estimate with any reasonable accuracy an average dust concentration for each mining operation. Other difficulties which this variation causes in dust sampling work have been emphasized by several writers, and Oldham and Roach (1952) have pointed out that it must be given due consideration in designing a sampling scheme which is efficient in terms of the effort needed to obtain a specified amount of information. Fortunately it appears that momentary variation is of little importance in the aetiology of pneumoconiosis. The arguments of Wright (1953) and Long (1953) show that an estimate of average dustiness and the period during which it operates is all that is required, an estimate which could most economically be obtained by means of automatic, long-term sampling instruments. However, so long as short-term, intermittent sampling instruments continue to be used, the effect of this variation must be considered before deductions about average dust conditions may safely be drawn. Equally, it must be allowed for in interpreting the records of past dust conditions. Accordingly, this paper will present some of the evidence that we possess at this Unit of its nature and magnitude, and will draw some practical conclusions.
In the past six years extensive sampling with the thermal precipitator has been carried out by teams from this Unit. (Oldham and Roach, 1952) samples have been taken at the working place of randomly chosen colliers, and thus, on the average, have been evenly distributed at all points of different faces. In earlier years the samples were taken systematically at regular intervals throughout the shift, though excluding the " snap " or midshift break. Subsequently, and always when the random-collier technique was in use, samples were taken at times chosen beforehand by means of random sampling numbers. In this case samples were taken during snap time if by chance the randomly chosen moment fell therein, but they have been excluded from this discussion. (It may be remarked that few samples taken during snap-time by this Unit have ever produced a countable deposit on the thermal precipitator cover-glasses; the concentrations in fact were almost always well below 100 particles/ml.) The data therefore concern the period during which work of any kind may be proceeding on the face, and exclude all regular periods of inactivity. The duration of each sample has been standardized of recent years at three minutes (equivalent to a 20 ml. volume of air), but originally ten-minute samples were occasionally taken.
Results
In view of this diversity of procedure it is surprising that the variation of samples about the average for the shift is found to show high consistency and to be almost perfectly proportional to the value of the average. In Fig. 1 Bartlett (1937) it can in fact be shown that the three estimates differ more than would be expected by chance alone. Nonetheless, the differences are small and the pooled B Figure 3 shows the cumulative distribution curve of the transformed data and (broken curve) of the fitted normal curve. The abscissae are deviations, in standard deviation units, of the transformed data from the log geometric mean (the arithmetic mean of the logarithms). It will be seen that the normal curve overestimates the proportion of samples found to exceed the geometric mean except at very large deviations, but is never incorrect by more than 5%.
In practical work, it appears that the assumption that the logarithms of dust concentrations on a face vary in accordance with a Normal law of constant * The standard deviation of the Normal curve has been estimated from a number of small sets of samples ; the divisor used was therefo-e the total number of samples less the number of sets of samples. This gives the best estimate of the population standard deviation, but it will be, on the average, larger than the standard deviations of each small se tof samples. standard deviation will not lead us far astray. We may safely use for such transformed data the statistical devices, such as standard errors, appropriate to normally distributed variates. For the recording of averages, however, the transformation is unnecessary. The simple arithmetic mean of a set of samples is an unbiased estimate of the true mean concentration even if the distribution is lognormal; that is, in the long run, the means of such sets will be scattered evenly above and below the true mean, and their mean will tend ever closer to it as the number of sets of samples increases. It can be shown, however, that the scatter of these means will be larger than that of some other estimates derived from the samples. They are in fact inefficient estimators, which do not make full use of the information given by the samples about the true mean. In some situations the excessive scatter of inefficient estimators can be a serious source of loss. It was observed by Sichel (1952) that the distribution of richness of ore in gold mines was lognormal, with a large standard deviation, and that in consequence if costly errors in interpreting samples of ore were to be avoided, it was essential to use estimators other than the arithmetic mean of the samples. However, the inefficiency of the arithmetic mean in a distribution with such a standard deviation as we have found is too small to be of any practical importance. Finney (1941) shows that the loss of information in this case will amount to no more than 1%. Finney shows that an efficient and unbiased estimator of the arithmetic means of a lognormal population is obtained by multiplying the geometric mean of the sample of n by a function g(Is2), where s2 is the usual unbiased estimator of the population variance derived from the sample, E(x-X)2/(n-1), the xs being the natural logarithms of the sample concentrations, and g(t) can be expanded as the series 1+ n-I (n-i)3 t2 (n-i)5 t3 n n-2! n+l n3 3! (n+l)(n+3) By simple extension of his results it can be shown that when, as in our case, the variance has previously been estimated with a large number of degrees of freedom, an efficient estimator of the arithmetic mean is given by the geometric mean of n samples multiplied by g{(n-1)(m + 1)s2/2mn} where m is the number of degrees of freedom upon which the estimate s2 is based. In our case m = 776, and using s = 0-2203 x loge 10, the multiplier becomes 1 + 0l128634 (n -1)/n + 0-008252 {(n -l)/n}2 + 0000352 {(n-1)/n}3 + 0-000010{(n-l)/n}4 + The values of this function are shown in Fig. 4 for different values of n, the number of samples per day, in the form of the percentage addition to be made to the geometric mean of the sample.
For large n, the addition stabilizes at 13-72%, and over the range from 6 to 12, in which most of our sets of samples lie, the value of 12% is an adequate approximation. If we assume, therefore, that the arithmetic mean of our samples is on the average 112% of the geometric mean, we may then convert the percentile points of the distribution of observations, which have been obtained as percentages of the geometric mean, to percentages of the arithmeti_ mean by multiplying each by the reciprocal of 112%, that is, 89%.
The percentile points of the lognormal curve and of the experimental curve are shown in Table 2 . Reference to Fig. 1 Table XL the standard deviations for each set of data have been calculated (by multiplying the standard errors quoted by the square root of the number of observations) and these are compared with the given average concentrations in Fig. 5 . It will be seen that the standard deviation increases with the mean, averaging about 78% of it. The root mean square is 88%. It would be expected that mass concentrations of total dust would be more variable than number concentrations, since the presence or absence of a few large particles would make substantial changes in the total mass.
Further evidence is provided by a personal communication from Mr. D. Young, who has informed me that in his routine dust sampling in the copper mines of N. Rhodesia, in which the sampling instrument was a konimeter, he has observed that the proportion of samples exceeding the mean by given multiples remains constant, although the mean level of concentration has been steadily diminishing during the past few years.
It appears justifiable to assume that the lognormal law of constant proportional standard deviation that has been observed in the present data is a property of underground dust conditions that would appear whatever the sampling instrument used. Certain deductions of a practical nature can at once be made. In the first place, the accuracy of the mean concentration during a shift estimated by thermal precipitator sampling can be specified in advance. The standard deviation of 20 ml. samples in units of log (particles/ml.) has been estimated as 0 2203 ; in consequence the standard error of the mean of n such samples will be 0 2203/ Vn and 95% fiducial limits to the mean will be given by m 4 0 4318/Vn. Taking antilogarithms, and remembering that the geometric and arithmetic means will be practically proportional, we may express the accuracy of average concentrations for the shift in terms of proportional limits, as in Fig. 6 . For example, a set of 10 20-ml. thermal precipitator samples will enable us to state that there is but one chance in twenty of getting the observed mean if the true shift mean lies outside the range of 73oo to 137% of the observed mean. Even if 50 samples are taken, the limits reduce only to 87% and 115%, a range of some 23% of the calculated mean.
Only if sampling were continuous throughout the shift would this range of uncertainty disappear. With an automatic dust-sampling instrument such continuous sampling would fall within the bounds of practical possibility, and the need for such an instrument is made even clearer when it is remembered that the ultimate purpose of all dust sampling in coal-mines is to estimate what dust may be inhaled by coal miners as a result of mining operations. Pneumoconiosis appears very slowly; the contribution of a single day's exposure must be minute. It is clearly necessary to measure and control the dust conditions by means of sampling throughout an extended series of days. If sufficient samples are taken by means of a hand-operated instrument to give a reasonably accurate estimate of a single day's concentration the number required to cover a longer period becomes prohibitive. If on the other hand only a few samples are taken each day but many days are covered, random fluctuations at least as great as those revealed in the present data will appear in the daily averages. By means of a system of quality control, such as is used to monitor the output of industrial processes, the results could be satisfactorily utilized, but the cost of the method would be excessive. An automatic sampling instrument is the only economical solution. Finally, it is of some interest to consider if any light is thrown on the nature and consequences of " approved conditions " by the present findings. Approved conditions are expressed in terms of the permissible concentration of airborne dust, the standard for non-anthracite collieries being " not more than 850 particles per c.c. between 1-0 and 5-0 microns in size". The National Coal Board circular CD/354 (1948) remarks that " The standards are not meant to be peak measurements. They are meant to show the conditions as determined by several measurements made at representative times and points. The measurements from which the averages are calculated are, therefore, not to be made in abnormal conditions." Subsequently, another circular (National Coal Board, 1949) gives detailed proposals for the method of sampling to be adopted. This states that " the standards are to be interpreted not as defining the allowable average concentration of dust over the whole period of a working shift but the average dustiness during periods of maximum dust production ". It is made clear that these periods are not those of momentary peak concentrations, but rather of whole sections of the working shift. On the filling-off shift the first four to four and a half hours are suggested as being the period of maximum dust production, but any exceptionally dusty spell of, say, one and a half hours during this period should be considered separately.
Evidently it is not possible to determine from these rules alone what connexion there will be between the overall average of the shift and the average of the " period of maximum dust production ". It is, however, the former figure which, in conjunction with the time over which it holds, determines the dose of dust which the colliers receive, and the connexion between the two is thus of great practical interest. The practical interpretation of the administrative instructions quoted above has come to be (Hicks, 1953 ) that conditions are taken as being " approved " if 90% of samples taken when work is in progress on the face do not exceed 850 particles/ ml. We may thus refer this criterion to the results we have presented here. The work of Wynn and Dawes (1951) shows that within the microscopic size range the size distribution of airborne dust is remarkably constant. Thus although the concentration of 850 particles/ml. is specified to relate to dust between 1 ,u and 5FL, a constant factor of proportionality will convert this to the range we have used, 0 5,. to 5,u, and this descrepancy may be ignored. The proportional relationship between the mean and the 90% point will be the same whichever range is used. Fig. 3 Although the variability is high, the general run of samples suggests that the range of concentrations is considerably dependent on the average level, and agrees quite well with the assumption of a lognormal distribution of concentrations with an almost constant proportional standard deviation.
In consequence the accuracy to be expected in estimating mean concentrations from numbers of thermal precipitator samples can be specified in advance. The 95% fiducial limits of the mean of 10 such samples are 73% to 137%, a range equal to 64% of the calculated mean. Even 50 samples only reduce this range to 23%.
The necessity is pointed out of automatic sampling instruments, which alone can sample inexpensively for sufficiently long to reduce this sampling error, and which are demanded also from consideration of the aetiology and rate of appearance of pneumoconiosis.
On the assumption that " approved conditions"
are such that 90% of dust concentrations during a shift are less than 850 particles/ml., it is deduced that this limit is equivalent to an average concentration of between 500 and 600 particles/mI. throughout the working shift.
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